This paper deals with the inclined plane shear on three different geosynthetics (a geocomposite (GC), a non-woven geotextile (GTX), and an extruded geogrid (GGR)) with a residual soil from granite. Soil and geosynthetic properties, test equipment, and procedures are described. The influence of soil moisture content and geosynthetic type on soil-geosynthetic interaction behavior is discussed by analyzing the results of the inclined plane shear tests. The main conclusions that can be outlined from the present study are the following: (1) the influence of soil moisture content was relevant for the soil-GTX and soil-GC interfaces. Indeed, the resistance of those interfaces decreased with the increase of soil moisture content. No significant differences were observed between the behavior of those geosynthetics; (2) the influence of soil moisture content on the behavior of the soil-GGR interface was less evident. A slight decrease on the interface friction angle was only observed for the highest soil moisture content; (3) the dry soil-GGR interface resistance was lower than that observed for the other two geosynthetics due to the relevance of soil-soil friction at the GGR apertures, to the high percentage of fines of the soil used in the research (D 50 51?00 mm), and to the smoother solid lateral surface of the extruded GGR when compared with the surface of the GTX or GC. 
Notation
Basic SI units are given in parentheses.
b 5slipping angle of upper box (u) t 5shear stress (N m 
Introduction
Inclined plane shear tests are used to characterize the interaction mechanism at soil-geosynthetic or geosynthetic-geosynthetic interfaces when the relative movement that occurs is of shearing and the geosynthetics are placed over an inclined surface.
Inclined plane shear behavior at soil-geosynthetic and geosynthetic-geosynthetic interfaces have been studied by several authors (among others: Izgin and Wasti, 1998; Wasti and Ö zdü zgü n, 2001; Costa-Lopes et al., 2001; Briançon et al., 2002; Palmeira et al., 2002; Reyes Ramirez and Gourc, 2003; Narejo, 2003; Pitanga et al., 2009; Eid, 2011; Briançon et al., 2011 , Lopes, 2013 .
With the aim of obtaining additional data on soilgeosynthetic interface behavior on inclined plane shear and on the influence on it of the soil moisture content and the geosynthetic type, this paper studies the interaction between different types of geosynthetics (a geocomposite (GC), a geotextile (GTX), and a geogrid (GGR)) and a residual soil from granite (with different moisture contents), by performing inclined plane shear tests according to EN ISO 12957-2 (Determination of friction characteristics. Part 2: inclined plane test).
Equipment and test procedures
The inclined plane shear test allows characterizing the resistance of soil-geosynthetic interfaces, by determining the minimum angle to the horizontal to which the sliding takes place between the soil and the geosynthetic.
The inclined plane shear test apparatus and test procedures used in the present research are exhaustively described in Costa- Lopes et al. (2001) and Lopes (2013) .
The test can be carried out using two different methods: 1. with a rigid support for the geosynthetic (Fig. 1a) ; 2. with the geosynthetic supported on a lower box, which is filled with soil (Fig. 1b) . The inclined plane shear test apparatus (Fig. 1) is a dismountable structure that includes: -a rigid and smooth base, 0?620 m long, 0?430 m wide, and 0?010 m high; the geosynthetic is placed on this base to carry out test method 1; -a rigid lower box, with internal dimensions of 0?510 m long, 0?350 m wide, and 0?080 m high, that is filled with soil over which the geosynthetic is placed on test method 2; -a rigid upper box, with internal dimensions of 0?300 m long, 0?300 m wide, and 0?080 m high, filled with soil that slides over the geosynthetic. The rigid base can be raised at the rate of 0?5u min 21 (test speed) and lowered, at the end of the test, at the rate of 2u min
21
. The normal force is applied by weights transmitted to a rigid steel plate that covers the whole interior area of the upper box. The assurance that the normal force passes through the center of gravity of the upper box is guaranteed by two wedges inclined one vertical to two horizontal and placed on the frontal and back walls of this box. A load cell, located between the load beam and the rigid plate, is used to measure the normal force applied.
The equipment includes three safety devices: -one to stop the test when the movement of the upper box exceeds 0?050 m; -the other two to stop the base when the maximum inclination of the equipment is reached and to stop the base at the horizontal position at the end of the test. Costa- Lopes et al. (2001) concluded that soil-geosynthetic inclined plane shear behavior can be assessed by using test method 1 (with a rigid support for the geosynthetic) for geosynthetics with continuous lateral surfaces (e.g.: GTXs or geomembranes). The authors suggested to use test method 2 (with the geosynthetic supported on a lower box which is filled with soil) for GGRs.
This way, in the present research, the inclined plane shear tests with the GC and GTX were performed according to test method 1 and the tests with the GGR were carried out according to test method 2.
The dimensions of the geosynthetic specimens were 0?70 m long and 0?43 m wide for test method 1 and 0?60 m long and 0?36 m wide for test method 2.
On test method 2, the soil was poured into the box from a constant height of 0?20 m and placed in 0?020 m thick layers. Each layer was leveled and compacted to the required density using a light compacting hammer.
After fixing the geosynthetic, the upper box was assembled and aligned in the starting position. The upper box was then filled with soil using procedures similar to the ones used in the lower box.
The rigid plate was placed and the load applied. Finally, the test speed was chosen, the horizontality of the base was verified and the transducer and the inclinometer were set to zero.
Materials Soil
The soil used in this study was a well-graded residual soil from granite. According to the Unified Soil Classification System, this soil can be classified as SW-SM (well-graded sand with silt and gravel). Figure 2 shows the particle size distribution curve of the soil and its main physical properties are provided in Table 1 . In order to take into account the difficulties in compacting soils in slopes, a conservative soil relative density (I D ) of 50% was considered. Different soil moisture contents were tested: dry, half of the optimum moisture content (1/2 w opt ), and optimum moisture content (w opt ).
Geosynthetics
Three different geosynthetics were selected for this research: a GC, a non-woven spunbonded GTX, and a uniaxial extruded GGR.
The GC (Fig. 3) was composed of high modulus polyester (PET) fibers, attached to a continuous filament non-woven GTX backing; the GGR (Fig. 4) was manufactured from high-density polyethylene (HDPE); the GTX (Fig. 5 ) was made from mechanically bonded continuous filaments of polypropylene (PP). The main properties of the geosynthetics are summarized in Table 2 .
Test program
The program carried out in this study is shown in Table 3 .
Each geosynthetic was tested under three vertical stresses (5, 10, and 25 kPa) and three soil moisture contents (dry, 1/2 w opt , and w opt ). The GC was tested with the PET fibers along the shear direction. Although 27 tests are reported in Table 3 , each one was repeated three times and, thus, a total of 81 tests were carried out. Results and discussion Table 4 resumes the results of test T1 and Fig. 6 shows the variation of the upper box displacement with the inclination of the rigid base for the three specimens tested under the same conditions (GC, vertical stress of 5 kPa, dry soil).
The inclination for the maximum upper box displacement (50 mm) provides information about the slipping angle of the upper box, b, that allows deriving the friction angle of the interface, w sg .
The normal stress, s n , applied when the slipping angle of the upper box is equal to b can be obtained as follows:
where F v is the vertical force acting on the interface and A is the contact area. The shear stress (t) at the sliding surface is defined as:
where f (b) is the force required to restrain the empty upper box when the tilt table is inclined at the angle b.
It is possible to calculate the angle of friction of soilgeosynthetic interfaces, w sg , as follows:
The mean friction angle on the interface between dry soil (I D 550%) and the GC under a vertical stress of 5 kPa 4 Extruded uniaxial geogrid 5 Non-woven geotextile Provided by the manufacturer (machine direction).
2
Obtained in tensile tests performed according to EN ISO 10319 (machine direction).
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International Journal of Geotechnical Engineeringwas 37?0u with a standard deviation of 0?9u and a coefficient of variation of 2?4% (see Table 4 ). Table 5 shows the mean values of the friction angles at soil-geosynthetic interfaces under different vertical stresses and soil moisture contents for the GC, the non-woven GTX, and the extruded GGR. The coefficients of variation obtained for those values did not exceed 5%.
It can be seen that the friction angle at soil-geosynthetic interfaces decreased with the increase of the vertical stress. The GC and the non-woven GTX exhibited a similar behavior. The increase of soil moisture content induced a slight increase on the friction angle at soil-geosynthetic interfaces for the lowest vertical stress applied (5 kPa) and a slight decrease for the highest vertical stress used (25 kPa).
For the soil-GGR interface, the increase of soil moisture content induced a slight increase on the friction angle for 5 and 10 kPa of vertical stress. This tendency was not observed for the highest vertical stress used (25 kPa).
A different approach to define soil-geosynthetic interface parameters based on the results of inclined plane shear tests was considered.
6 Dry soil-GC interface (test T1): variation of the measured upper box displacement with the inclination of the rigid base for the three specimens tested 
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Based on the values of normal and friction stresses of the three tests carried out with a geosynthetic and each value of soil moisture content, the failure envelope was defined (Fig. 7) . Tables 6 and 7 present the values of normal and friction stresses obtained on the inclined plane shear tests of, respectively, the non-woven GTX and the extruded GGR confined by soil with different moisture contents (dry, 1/2 w opt , and w opt ). Figure 8 shows the failure envelopes for soil-GC interfaces and Table 8 sums the soil-geosynthetic interfaces friction angle for all the conditions considered in the present research. Table 4 Results of test T1 (geocomposite (GC), vertical stress of 5 kPa, dry soil) 7 Failure envelope for dry soil-geotextile (GTX) interface Table 5 Mean friction angles of the soil-geosynthetic interfaces
Mean friction angle/u Vertical GC GTX GGR stress Soil moisture content (%) (kPa) Dry 1/2 w opt w opt Dry 1/2 w opt w opt Dry 1/2 w opt w opt 5 3 7 . 0 4 1 . 4 4 1 . 0 3 9 . 5 4 1 . 7 4 1 . 0 3 6 . 5 3 7 . 8 3 8 . 8 10 37 . 2 3 7 . 1 3 7 . 1 3 7 . 1 3 7 . 7 3 6 . 9 3 4 . 4 3 6 . 3 3 5 . 9 25 35 . 6 3 4 . 4 3 3 . 0 3 5 . 6 3 4 . 6 3 3 . 1 3 2 . 9 3 3 . 4 3 2 . 6 The friction angle at soil-geosynthetic interfaces (w sg ) decreased with the increase of the moisture content of the soil for the GC and for the non-woven GTX. The influence of geosynthetic type on the interface resistance was negligible for those two materials.
The influence of the soil moisture content was less evident on the soil-GGR interface. In fact, similar values of the friction angle (w sg ) were observed for dry and 1/2 w opt soil moisture contents. For the highest soil moisture content (w opt ) a slight decrease of the friction angle was registered.
For the soil-GGR inclined plane shear resistance, the soil-soil friction at the GGR apertures is of utmost importance as the solid lateral surface of the geosynthetic is smaller than the apertures lateral surface. On the other hand, the solid lateral surface of the GGR is smoother than the lateral surface of the GC or GTX. Both conditions, associated with the high percentage of fines of the soil used (D 50 51?00 mm), justified the lower dry soil-GGR interface resistance when compared with the other dry soil-geosynthetic interfaces.
Conclusion
This paper deals with inclined plane shear on three different geosynthetics (a GC, a non-woven GTX, and an extruded GGR) with a residual soil from granite. The influence of soil moisture content and geosynthetic type on soil-geosynthetic interaction behavior in inclined plane shear was discussed by analyzing the results of the inclined plane shear tests.
Based on the presented results the main conclusions can be put forward.
-the influence of soil moisture content was relevant for the soil-GTX and soil-GC interfaces; -in fact, in both cases the interface resistance decreased more than 10% when soil moisture content changed from dry to optimum (w opt ); -no significant differences were observed between the interfaces with the GC and with the GTX; -the influence of soil moisture content on the behavior of the soil-GGR interface was less evident; only for the highest soil moisture content (w opt ) a slight decrease (about 3%) on the interface friction angle was observed; -the dry soil-GGR interface resistance was lower than that observed for the GC and for the GTX due to the relevance of soil-soil friction at the GGR apertures, to the high percentage of fines of the soil used in the research (D 50 51?00 mm) and to the smoother solid lateral surface of the GGR when compared with that of the other two geosynthetics. 
